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Background: There are several factors that can affect the fatigue life of a bone plate, including the mechanical
properties of the plate and the complexity of the fracture. The position of the screws can influence construct
stiffness, plate strain and cyclic fatigue of the implants. Studies have not investigated these variables in implants
utilized for long bone fracture fixation in dogs and cats. The purpose of the present study was to evaluate the
effect of plate working length on construct stiffness, gap motion and resistance to cyclic fatigue of dog femora
with a simulated fracture gap stabilized using a 12-hole 2.4 mm locking compression plates (LCP). Femora were
plated with 12-hole 2.4 mm LCP using 2 screws per fracture segment (long working length group) or with 12-hole
2.4 mm LCP using 5 screws per fracture segment (a short working length group).
Results: Construct stiffness did not differ significantly between stabilization techniques. Implant failure did not
occur in any of the plated femora during cycling. Mean ± SD yield load at failure in the short plate working length
group was significantly higher than in the long plate working length group.
Conclusion: In a femoral fracture gap model stabilized with a 2.4 mm LCP applied in contact with the bone, plate
working length had no effect on stiffness, gap motion and resistance to fatigue. The short plate working length
constructs failed at higher loads; however, yield loads for both the short and long plate working length constructs
were within physiologic range.
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There are several factors that can affect the fatigue life
of the plate. In addition to the mechanical properties of
the isolated plate, the location, type and complexity of
the fracture influence the load acting on the plate [1-6].
Bridging plates are often utilized in comminuted frac-
tures to span a large unreconstructed segment of the
fractured bone, resulting in a long segment of plate un-
supported by screws [7]. The distance between the prox-
imal and distal screw in closest proximity to the fracture* Correspondence: pozzia@ufl.edu
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reproduction in any medium, provided the oris defined as the “working length” of the plate. Plate
working length has been shown to influence construct
stiffness, plate strain and cyclic fatigue properties of the
plate [5,8-11]. The lack of load sharing between the sta-
bilized bone and the implants increases the risk of cyclic
fatigue and early failure of the implant [9,12]. A mechan-
ical study evaluating the mechanical endurance of hu-
man femora stabilized with 14-hole broad 4.5 mm LCPs
found that constructs with load sharing resisted 20 times
more cycles than the constructs with an 8 mm segmen-
tal diaphyseal gap [13].
Controversy still exists regarding the effect of plate
working length on stiffness and resistance to fatigue fail-
ure [5,12,14]. Stoffel et al. reported that increasing the
plate working length by omitting one screw placedtd. This is an Open Access article distributed under the terms of the Creative
ommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and
iginal work is properly cited.
Figure 1 Testing constructs of long and short plate working
length stabilization techniques. Long plate working length
stabilization technique (left) and short plate working length
stabilization technique (right). Each plate had a 2.4 mm locking
screw (○) placed in the second hole from each end of the plate. The
other screws were 2.4 mm cortical screws (●).
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segments made locking plating constructs nearly twice
as flexible when loaded in compression and torsion [12].
In contrast, Field et al. reported that omitting two
screws proximal and distal to the fracture had no signifi-
cant effect on either bending or torsional stiffness of
conventional plate constructs in a comparable bridge
plate configuration [14]. Studies evaluating the effect of
working length on the cyclic fatigue properties of plated
constructs have yielded inconsistent results [5,9,12].
Stoffel et al. found that the constructs with shorter plate
working length were more resistant to cyclic loading
[12]. Maxwell et al. reported similar results when screw
placement was evaluated in 3.5 mm dynamic compres-
sion plates and limited contact dynamic compression
plates applied in a fracture gap model [11]. Recent stud-
ies comparing the cyclic fatigue properties of plates ap-
plied with a short and long working length found that
the constructs with a longer working length withstood
more cycles before failure, although the differences be-
tween stabilization techniques were not significant [5,9].
The purpose of the present study was to evaluate the
effect of plate working length on construct stiffness, gap
motion and resistance to cyclic fatigue of dog femora
with a simulated fracture gap stabilized using a 12-hole
2.4 mm LCP. Our first hypothesis was that constructs
with a longer plate working length would be more flex-
ible and have greater gap motion than constructs with a
shorter plate working length. The second hypothesis was
that constructs with a longer plate working length would
withstand more cycles before succumbing to fatigue fail-
ure than constructs with a shorter plate working length.
Methods
Specimen preparation
This study was approved by the University of Florida In-
stitutional Animal Care and Use Committee
(#201105539). Ten pairs of femora were collected from
adult dogs (mean body weight ± SD: 17.9 ± 1.9 kg) that
were euthanized for reasons unrelated to the study.
Once all of the soft tissues were removed from the fe-
murs, the bones were radiographed in order to exclude
specimens with osseous abnormality. The femora were
then wrapped in saline-soaked towels and stored at -20°C
until testing, at which time the bones were thawed to
room temperature. Randomized within each pair of fe-
murs, one femur was assigned to the short plate working
length stabilization group. The contralateral femur was
assigned to the long plate working length stabilization
group.
A 12-hole 2.4 mm LCP (Synthes USA, Paoli, PA) was
contoured and clamped temporarily to the lateral surface
of each femur. Two lines, 10 mm apart were marked on
the mid-diaphyseal region of the bone adjacent to thecentral 2 holes of the plate. The plate was removed, and
an oscillating saw was used to initiate two mid-
diaphyseal partial osteotomies in the lateral cortex of the
femur at the marked locations. In the femora assigned to
the long plate working length group, the plate was
affixed in contact with the femur with one 2.4 mm cor-
tical and one 2.4 mm locking screw placed at the ends
of the plates, leaving eight empty holes in the middle of
the plate (Figure 1). The femora assigned to the short
plate working length group were stabilized in direct con-
tact with the femur with four 2.4 mm cortical and one
2.4 mm locking screws in each femoral segment, leaving
two empty holes in the center of the plate (Figure 1). All
screws had bicortical purchase and were placed in the
same order. Cortical screws at each end of the plate
were placed first, followed by the locking screw in the
second hole and then the remaining cortical screws. All
screws were placed and hand-tightened by an experi-
enced board-certified surgeon (AP) in accordance with
standard AO-ASIF techniques [15]. Prior to testing, each
locking and cortical screw were tightened at a torque of
0.8 Nm or 0.4 Nm, respectively. After applying all
screws, osteotomies were completed from the medial
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diaphyseal segmental ostectomy.
The distal ends of femora were potted using epoxy resin
(Bondo Corp, Atlanta, GA). A goniometer was used to en-
sure that the specimens were potted perpendicular to the
testing mold. Two points located on the cranial and cau-
dal surface of each femur segment adjacent to the fracture
gap were first marked then scribed using a 1.5 mm drill
bit, so these points could be accurately identified with the
tip of the articulating arm of a three-dimensional position-
ing device (Microscribe 3DX digitizing arm, Immersion
Corp., San Jose, CA).Mechanical testing
All testing was performed using a servohydraulic mech-
anical testing machine (MTS 858 Mini Bionix II, MTS
Systems Corp, Eden Prairie MN). During testing, each
specimen was positioned vertically with the epoxy resin
block secured to the machine using a specially designed
fixture. A polyoxymethylene cup simulating the shape of
the acetabulum was secured to the MTS and used to
load the femora. In order to measure gap displacement
of the bone segments, three points on each bone frag-
ment were digitized using the Microscribe unit while the
limb was preloaded to 10 N.
A cyclic axial compressive load from 0 N to 100%
body weight (mean ± SD: 175.5 ± 18.6 N) was applied at
2 Hz, while displacement data was recorded at 100 Hz
throughout testing. Testing was paused at 1000, 2000,
6000, 10000, 20000, 40000, 60000, 120000, 180000 cycles
to obtain gap displacement measurements as each speci-
men was loaded. If fatigue failure did not occur after
180,000 cycles, the specimen was loaded in axial com-
pression at a rate of 1 mm/seconds until failure was
achieved. Displacement data was recorded at 100 Hz
while specimens were loaded to failure. Failure was de-
fined as breakage or plastic deformation of the implants
or any visually detected loosening of screws in the plate
or bone. Video was recorded during testing to identify
the mode of failure for each construct.Data and statistical analysis
Displacement values were recorded at 1000, 2000, 5000,
10000, 20000, 50000, 100000, 120000, and 18000 cycles.
A load–displacement curve was calculated by plotting
the load versus displacement data for each specimen for
each time point during cyclic testing in a scatter graph
using Microsoft Office Excel (Microsoft Corporation,
Redmond, Washington). A best fit trend line, straight
line slope, and corresponding R2 value were determined
for each load–displacement curve, using a sum of least
squares method for the linear elastic region of the load–
displacement curve using the same software. The slopeof this line defined the stiffness value and was reported
in units of N/mm.
Relative gap displacement of two bone segments in the
sagittal and frontal plane was analyzed using classical
principles of rigid body mechanics [16]. Gap displace-
ment of each construct was also calculated to compare
whether there was any significant difference between the
short and long plate working length stabilization tech-
niques. Calculations were performed using a custom-
written computer program (MATLAB®, MathWorks
Corporation, Natick, Massachusetts).
A separate load-deformation curve was determined
similarly from the initial linear part of load to failure test
for each construct. The elastic limit or yield load was de-
fined as the loading value at which the linear phase of
the curve terminated [17]. Mean values and standard de-
viations of stiffness, gap displacement and yield load
were determined for both the short and long plate work-
ing length stabilization techniques.
Stiffness values, cranial/caudal translation and medial/
lateral translation of the two bone segments and gap dis-
placement measured during cyclic testing were com-
pared between the short and long plate working length
groups using a 2 × 9 (technique x cycle) within subjects
repeated measures ANOVA. When appropriate a post
hoc Bonferroni procedure was used to adjust for mul-
tiple pairwise comparisons (SPSS Statistics 17.0, SPSS
Inc., Chicago, IL). The yield load determined during load
to failure testing was statistically compared between the
short and long plate working length stabilization tech-
niques using a paired t-test. For all statistical analyses,
significance was set at P < 0.05.
Results
When the constructs were cyclically loaded to the dog’s
body weight, there was no statistically significant differ-
ence in stiffness between the short and long plate work-
ing length stabilization techniques (P = 0.435). There
was a trend for the stiffness to increase during cycling in
both the short and long working length plate groups
until 50,000 cycles. After reaching 50,000 cycles, the
mean stiffness of the long working length plate group
decreased while the mean stiffness of the short working
length plate group continued to increase, although the
difference was not significant between stabilization tech-
niques (Figure 2). All constructs completed 180,000 cy-
cles of loading without plate or screw breakage, screw
loosening or visible plastic deformation of the implants
observed in any of the constructs.
There were no significant differences in the relative
displacement of the bone segments between stabilization
techniques in the sagittal (P = 0.448) or frontal plane
(P =0.504). Gap displacement also did not differ signi-
ficantly within the designated cycles and between
Figure 2 Testing results between long and short plate working
length stabilization techniques. Comparison of mean ± SD values
of construct axial stiffness (N/mm) loaded to body weight between
the long plate working length stabilization technique (□) and the
short plate working length stabilization technique (■). Measurements
recorded at 1000, 2000, 5000, 10000, 20000, 50000, 100000, 120000,
and 180000 cycles. No significant difference was found between the
two stabilization techniques at any of the evaluated cycles.
Figure 3 Photographs and free body diagrams of a long (A)
and short (B) plate working length construct before and after
load to failure test. Photographs of a long (A) and short (B) plate
working length construct before (left) and after (right) load to failure
testing. The adjacent free body diagrams represent how bending
moments were created. Bending moments (Force (F) x Distance (d))
were calculated based on measured scale distances obtained from
photographs and the yield load of each construct. The off axis shift
of the femoral head observed in the figure may be due to elastic
displacement after unloading the specimen, as the pictures are
taken without load.
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stabilized bone segments did not come into contact in
any of the constructs during cyclic compressive loading.
During load to failure testing, constructs in the short
plate working length group had a significantly (P =0.016)
higher yield load (mean ± SD: 654.5 ± 149.0 N) than
constructs in the long plate working length group (mean ±
SD: 452.9 ± 63.4 N). The mean ± SD stiffness of the short
(223.8 ± 46.7 N/mm) and long (219.4 ± 80.3) plate work-
ing length groups during load to failure testing was not
significantly different. Failure patterns for the short and
long plate working length constructs were distinctively
different (Figure 3): the proximal femoral segment bent
medially during axial loading in both the short and long
plate working length constructs. The lateral surface of the
proximal femoral segment acted as a fulcrum against the
plate and there was no separation of the plate from the
lateral cortex of the femur in both groups. The plate ele-
vated from the lateral cortex of the distal femoral segment
in the long plate working length group. The plate re-
mained apposed to the lateral cortex of the femur in the
short plate working length group.
Review of video obtained during the load to failure
testing revealed that eccentric axial compressive load ap-
plied to the femoral head leads to the formation of a
bending moment, with the center of rotation located at
the plate-bone interface. Bending moment was defined
as the product of applied force (F) amount and the per-
pendicular distance (d) from the applied force to the axis
of rotation (Figure 3). The bending moment increased
during the load to failure test as the plate deflected away
from the lateral cortex of the femur. This effect was more
pronounced in the long plate working length constructs.Discussion
Increasing working length by placing a limited number
of screws at each end of the plate has been re-
commended as a strategy to decrease construct stiffness
and therefore allow more motion at the fracture gap
[1,7,12,18,19]; however, previous mechanical studies
have yielded conflicting results [8,9,11,12]. Based on our
results, we cannot support our hypotheses that con-
structs with fewer screws and a longer plate working
length would be more flexible, have greater gap motion
and be more resistant to cyclic fatigue failure than con-
structs with more screws and a short plate working
length. We suspect that the inconsistencies in the results
Chao et al. BMC Veterinary Research 2013, 9:125 Page 5 of 7
http://www.biomedcentral.com/1746-6148/9/125amongst reported studies might be attributed to the
manner in which the plate is applied to the bone. In
constructs that utilize non-locking plates [11,14], the
contact between the plate and the bone segments causes
the bending moment to concentrate between the ends of
the bone segments regardless the positioning of the
screws. Therefore, the functional plate working length
was not equal to the distance between the screws placed
closest to the fracture gap, but rather to the unsupported
area of the plate, which corresponded with the length of
the fracture gap in this study. In contrast, the physical
offset of a locking plate which is applied without the
bone and plate in intimate contact enables a locking
plate to bend along the entire segment of the plate be-
tween the two most centrally positioned screws [12]. If
our suppositions are confirmed, the concept of short
and long plate working length as the distance between
the screws closest to the fracture should only be applied
to true functional locking plate constructs and should not
be applied to conventional non-locking plate constructs.
The results of our cyclic fatigue testing are not consist-
ent with previous studies which found differences be-
tween constructs with short and long plate working
lengths [11,12]. These contrasting results might be as-
cribed to differences in the fracture models employed
and methods of loading. In our study the applied load
was based on the dogs’ body weight in an attempt to
replicate clinical situations. We used a similar approach
to previous mechanical tests performed in canine fem-
ora. Goh et al. tested plated femora using 20%, 40%, and
60% of body weight to simulate progressively increased
weight bearing in the early postoperative period, using
values based on kinetic studies in dogs [20,21]. As 40%
to 50% of body weight is achieved in the hind limbs of
clinically normal dogs during walking, we would expect
that 100% of body weight would be a reasonable load to
challenge the implant resistance to cyclic fatigue [21]. In
other studies the upper load threshold was set to induce
implant failure within a predetermined number of cycles
[5] or was established using displacement control based
on plate strain [9]. Establishing significance may have
been masked in our study because we did not apply high
enough loads as none of our constructs failed during
cyclic testing. The magnitude of the load applied in di-
aphyseal fracture models is more complex than simply
applying a load equivalent to mean body weight. In hu-
man patients which have been instrumented with distal
femoral diaphyseal prosthesis with telemetric strain
gauges, load values as high as three times body weight
and bending forces up to ten times body weight have
been recorded [22]. Other loading protocols such as pro-
gressive loading [23] could have been used to shorten
the test protocol and may have yielded significant differ-
ences between stabilization techniques.Both the short and long plate working length sta-
bilization constructs sustained 180,000 cycles with the
equivalent of full body weight loaded in axial compres-
sion without failure, which approximates 2 to 4 months
of weight-bearing during normal ambulation [24]. This
finding suggests that both constructs would likely pro-
vide acceptable clinical stability as most fractures are
expected to obtain union within 12 weeks of sta-
bilization [25,26]. The yield load for both stabilization
techniques ranged from 453 to 655 N, which corre-
sponds to 2 to 4 times the hind limbs peak vertical force
measured from a normal 20 kg dog ambulating at a trot
[20,27]. Although kinetic values measured with gait ana-
lysis are only an approximation of the forces tolerated by
implants during loading, our results suggest that it is un-
likely that either of our constructs would fail catastroph-
ically in the early postoperative convalescent period.
However, when interpreting our results it should be con-
sidered that we did not apply torsional loads, which may
have contributed to earlier failure, especially in the long
plate working length stabilization group.
Cadaveric studies have numerous limitations. When
performing cyclic testing designated to resemble a clin-
ical environment after fracture fixation, the loading
plane should be considered [28]. We selected an offset
axial loading to simulate loading of a plated femoral
fracture. Our testing methodology had the limitation of
being isolated to a single plane, without considering
more complex forces such as a combination of bending
and torsional forces. In the diaphyseal region of the
femur, however, axial and bending forces predominate
and these forces were replicated in our testing protocol
[22]. Additionally, constraining the distal femur, as previ-
ously described [20], may have influenced the mode of
failure. We, however, utilized uniform testing conditions
allowing for valid comparisons between treatment
groups. Another limitation was that we did not test a
construct which utilized only locking screws. This omis-
sion limits our ability to make conclusions regarding the
effect of plate working length of a locking plate
employed in its intended application [9,12]. A hybrid
construct in which both locking and non-locking screws
were used was selected because these constructs are
commonly used in dogs [29]. Furthermore, previous stu-
dies have shown that placement of a single locking screw
in each of the major fracture segments increases a con-
struct’s axial and torsional stability [29-32]. Another
limitation that should be considered is that constructs
had differences in the number of screws, in addition to
differences in plate working length. Results of previous
mechanical studies suggest that the number of screws
may be a less important variable than the position of the
screws and plate length [4,12]. Our intent was to evalu-
ate two constructs that represented contrasting approa-
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dogs [33,34].
Conclusions
We were unable to establish a significant effect of plate
working length on the stiffness and resistance to cyclic fa-
tigue in a fracture gap model plated with 2.4 mm LCP ap-
plied in direct cortical contact with the femur. Our results
question the purported advantage of long plate working
length in decreasing stiffness of the bone-plate construct
and protecting the portion of unsupported plate at the
fracture gap [18,19,35]. Neither of the constructs tested in
our study failed during cyclic load. Therefore both short
and long plate working length constructs would appear to
be acceptable for clinical applications. Placing five bi-
cortical screws in each of the major fracture segments
may be unnecessary. Other studies have reported that
fewer, more widely spaced screws increased the bending
strength of screw–plate fixation more effectively than in-
creasing the number of screws [1,3,19]. Guidelines regard-
ing the optimal number of screws will, however, need to
be derived from future biomechanical and clinical studies.
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